The sense of taste is achieved by cooperation of many signaling molecules expressed in taste cells, which code and transmit information on quality and intensity of taste to the nervous system. Viral vector-mediated gene transfer techniques have been proven to be useful to study and control function of a gene product in vivo. However, there is no transduction method for taste cells in live animals. Here, we have established a method for inducing foreign gene expression in mouse taste cells in vivo by recombinant adeno-associated virus (AAV) vector. First, using enhanced green fluorescent protein (EGFP) as a reporter, we screened 6 AAV serotypes along with a recombinant lentivirus vector for their ability to transduce taste cells. One week after viral injection into the submucosa of the tongue, EGFP expression in fungiform taste cells was observed only in animals injected with AAV-DJ, a synthetic serotype. Next, time course of AAV-DJ-mediated EGFP expression in fungiform taste cells was evaluated. Intragemmal EGFP signals appeared after a delay, rapidly increased until 7 days postinjection, and gradually decreased over the next few weeks probably because of the cell turnover. Finally, the taste cell types susceptible to AAV-DJ transduction were characterized. EGFP expression was observed in PLCβ2-immunoreactive type II and aromatic l-amino acid decarboxylase (AADC)-immunoreactive type III taste cells as well as in cells immunonegative for both PLCβ2 and AADC, demonstrating that AAV-DJ does not discriminate functional taste cell types. In conclusion, the method established in this study will be a promising tool to study the mechanism of taste.
Introduction
Taste plays critical roles in survival of animals by providing information on nutritious and toxic compounds that are contained in their food. Five basic taste qualities are broadly recognized: sweetness, bitterness, sourness, saltiness, and umami. Generally, animals show hedonic responses to sweetness and umami because they function as indicators of nutritious substances such as sugar and amino acids, whereas bitterness and sourness are avoided as indicators of toxic ingredients. Saltiness represents both nutritious and toxic aspects of NaCl: Low concentration of salt is preferred as an essential electrolyte for the body fluid, and high concentration of salt is avoided as high salt intake causes hypertension. These finely tuned taste recognition is accomplished by specialized cellular and molecular arrangements in the peripheral taste organ, taste buds, which are not completely understood. Taste buds are embedded in the tongue epithelium and composed of ~100 elongated taste cells. Although 5 basic taste qualities are generally thought to be sensed by dedicated taste cells (Yarmolinsky et al. 2009 ), high salt taste recruits sour and bitter pathways (Oka et al. 2013) , and a subset of taste cells mediate both sweet and umami tastes (Kusuhara et al. 2013; Yoshida and Ninomiya 2016) , suggesting that basic tastes may be formed by the activation of dedicated 1 or 2 taste cell subsets, which can be distinguished by their gene expression profiles. Mechanisms in transduction of taste signals within taste cells have been of great interest to taste researchers.
Many genes expressed selectively in taste buds and associated with taste function have been identified (Chaudhari and Roper 2010; Liman et al. 2014; Roper 2014) . Tasting sweetness, umami, and bitterness involves G protein-coupled taste receptors (TAS1Rs and TAS2Rs) (Hoon et al. 1999; Adler et al. 2000; Chandrashekar et al. 2000; Montmayeur et al. 2001; Nelson et al. 2001 Nelson et al. , 2002 , downstream signaling effectors including phospholipase C beta 2 (PLCβ2) (PLCB2) (Zhang et al. 2003) , gustducin (GNAT3) (McLaughlin et al. 1992) , type 3 IP 3 receptor Ca 2+ channel (ITPR3) (Hisatsune et al. 2007) , and transient receptor potential melastatin 5 (TRPM5) (Zhang et al. 2003) , and a mediator of neurotransmission linking taste cells to the afferent nerve terminals, calcium homeostasis modulator 1 (CALHM1) channel (Taruno et al. 2013a (Taruno et al. , 2013b . Transduction mechanisms of sour and salty tastes are currently more enigmatic. Although epithelial Na + channel (SCNN1A/B/C) has been implicated as a salt sensor (Chandrashekar et al. 2010) , sour sensor molecules, possibly a proton channel (Chang et al. 2010) , have not been cloned. Genes involved in intracellular signaling cascades in sour and salty tastes are largely unknown, although Kir2.1, an acid-sensitive K + channel, has recently been identified as an essential component of sour transduction (Ye et al. 2016) . Lacking is also the knowledge about where the known taste-associated gene products are localized within taste cells and how they function in cooperation with other proteins. Roles in gustation and subcellular localization within taste cells of a particular gene product can be best assessed in taste cells rather than in heterologous expression systems via controlling or visualizing its expression by genetical means.
Transferring foreign genetic materials into taste cells in vivo would be useful techniques for defining the roles of a specific gene product in gustation and the development of taste cells, and so forth. Among various gene delivery systems, including lipofection, electroporation, gene gun, and viral vectors, viral vectors are the most effective means of gene delivery into cells in vivo and are commonly used as therapeutic and investigational tools. In the auditory system, with the aim of developing effective gene-based treatments of deafness, numerous studies have tested the ability of various viral vectors as well as nonviral gene delivery systems to introduce transgene into inner ear cells in vivo. Among them, some serotypes of recombinant adeno-associated virus (AAV), which can efficiently transduce inner hair cells, are currently considered as the most promising gene therapy vectors for human clinical trials (Sacheli et al. 2013 ). In the gustatory system, the previous studies utilized recombinant adenoviral and herpes simplex virus type I (HSV-I) vectors to successfully induce foreign gene expression in primary rat taste cell culture (Kishi et al. 2001 ) and freshly isolated rat taste buds (Stone et al. 2002b) . Those in vitro and ex vivo approaches have advantages in studying the function of a gene product in taste cells over heterologous systems such as Xenopus laevis oocytes and cultured mammalian cell lines (e.g. HEK293 and CHO cells). However, with those approaches the function of a protein in the context of taste recognition cannot be assessed because the native morphology and polarity of taste cells are lost and taste buds and cells are separated from the downstream taste system. In this study, we attempted to establish a method for delivering genetic materials into taste cells in vivo. Although long-term expression is desirable for in vivo studies, adenoviral and HSV-I vectors are known to mediate only transient expression of a transgene. We, therefore, tested AAV and lentivirus vectors which, to the best of our knowledge, had not been assessed in taste cells. AAVs are nonenveloped, nonpathogenic single-stranded DNA viruses. AAV vectors can drive long-term transgene expression in dividing and nondividing cells because extrachromosomal AAV genomes persist within the host nucleus as episomal circles (Vincent-Lacaze et al. 1999; Penaud-Budloo et al. 2008) . Lentivirus is a single-stranded RNA virus and is also capable of providing long-term transgene expression in dividing and quiescent cells through integration of its reverse-transcribed genome into the host cell chromosomes in a stable fashion.
Materials and methods

Viral vector production and submucosal injection into the tongue
All animal experiments were conducted in accordance with protocols approved by Institutional Animal Care and Use Committee of Kyoto Prefectural University of Medicine and National Institutes for Natural Sciences.
All serotypes of AAV vectors were prepared using AAV Helper Free Packaging System (Cell Biolabs), and lentivirus vectors provided by St. Jude Children's Research Hospital (Niwa et al. 1991) were prepared as described previously (Kato et al. 2007 ). The following vectors with viral titer were prepared: 8.8 × 10 9 vg/µL for AAV-1-CAGGS-EGFP, 1.4 × 10 9 vg/µL for AAV-2-CAGGS-EGFP, 1.5 × 10 10 vg/µL for AAV-5-CAGGS-EGFP, 2.4 × 10 9 vg/µL for AAV-6-CAGGS-EGFP, 1.5 × 10 10 ( Figures 1-4) , or 1.9 × 10 10 ( Figure 5 ) vg/µL for AAV-DJ-CAGGS-EGFP, 4.0 × 10 9 vg/µL for AAV-DJ/8-CAGGS-EGFP, and 6.6 × 10 10 cells/mL for VSV-G MSCV-EGFP. Glass injection pipettes with the orifice diameter of approximately 100 µm were fabricated by pulling borosilicate glass capillaries (GD-1, Narishige) using a programmable puller (P-1000, Sutter Instruments) and grinding the tip of the pulled pipettes using a microgrinder (EG-3, Narishige) and connected to a Hamilton syringe. Eight weeks old male C57BL/6 mice (Japan SLC) were anesthetized with ketamine hydrochloride (100 mg/kg, i.p.) and xylazine hydrochloride (5 mg/kg, i.p.). The head of the anesthetized mouse was clamped with the face up by means of ear bars, and the tongue was pulled out of its mouth and fixed at a stuck-out position on a custom-made platform. Under stereomicroscopic observation, the tongue epithelium was pierced with a 27-G needle at the tip of the tongue without wounding the underlying muscle layer to create a hole in the epithelium, through which the injection pipette filled with 10 µL of virus suspension was inserted between the epithelial and muscle layers under medial sulcus, and the virus suspension was injected into the submucosal space. Because liquid injection inflates the tongue, the largest possible injection volume per tongue (10 µL) was determined and used throughout this study. The viral suspensions were injected without further dilution to observe the maximum infectivities. After injection, the small injection wound in the epithelium was closed with tissue adhesive (#30434, Aron Alpha) to avoid leakage of viral vectors and the mice were kept on a normal diet.
Immunohistochemistry
On the indicated days after submucosal viral injection, mice were anaesthetized with an overdose of sodium pentobarbital (70 mg/ kg, i.p.; Kyoritsu Seiyaku) and transcardially perfused with ice-cold phosphate-buffered saline (PBS) followed by ice-cold PBS containing 4% paraformaldehyde (4% PFA-PBS). Tongues were surgically dissected out, postfixed with 4% PFA-PBS at 4 °C for 5 h, cryoprotected in PBS containing 30% sucrose at 4 °C overnight, frozen embedded in OCT compound (Sakura Finetech, Tokyo, Japan) at −80 °C, and sectioned using a cryostat (Leica Jung CM3000) at 9 µm thickness.
Tissue slices were mounted on MAS-coated Superfrost ® slide glasses (Matsunami Glass) and stored at −80 °C until analyses.
For immunofluorescent staining, the slides were washed twice with PBS for 5 min each at room temperature and antigen retrieval was then performed in a preheated target retrieval solution (S1700, Dako) at 80 °C for 20 min. After cooling down to room temperature in the target retrieval solution, the slides were washed with PBS 3 times for 10 min each, permeabilized for 20 min at room temperature with PBS containing 0.1% Triton X-100, blocked for 1 h at room temperature with PBS containing 5% normal donkey or goat serum (5% NDS-PBS or 5% NGS-PBS), and incubated overnight at 4 °C with primary antibodies diluted in 5% NDS-PBS or 5% NGS-PBS: 1:500 for mouse anti-GFP (Clontech Laboratories); 1:250 for goat anti-KCNQ1 (Santa Cruz Biotechnology); 1:500 for rabbit anti-aromatic l-amino acid decarboxylase (AADC) (Gene Tex); and 1:500 for rabbit anti-PLCβ2 (Santa Cruz). The following day, the slides were washed 3 times with PBS at room temperature for 10 min each and incubated in the dark for 1 h at room temperature with Alexa Fluor-conjugated secondary antibodies diluted in 5% NDS-PBS or 5% NGS-PBS: 1:500 for Alexa Fluor 488 goat or donkey anti-mouse IgG; 1:500 for Alexa Fluor 546 donkey anti-goat IgG; 1:500 for Alexa Fluor 546 goat anti-rabbit IgG (Thermo Fisher Scientific). Five percent NDS-PBS and donkey secondary antibodies were used when KCNQ1 was immunostained, and otherwise 5% NGS-PBS and goat secondary antibodies were used. Finally, while kept in the dark, slides were washed 3 times with PBS for 10 min each at room temperature and mounted in VectaShield with 4′,6-diamidino-2-phenylindole (DAPI) (H-1500, Vector Laboratories). Images of stained sections were acquired with LSM510 confocal scanning microscope (Carl Zeiss) using an EC Plan-Neofluar 20×/0.50 NA objective or an EC Plan-Neofluar 40×/1.30 NA Oil objective. Images show single optical sections, collected with the pinhole set to 1 Airy Unit for the red channel and adjusted to give the same optical slice thickness in the green channel. DAPI (blue channel) was excited with 2 photons using the MaiTai titanium-sapphire laser tuned to 780 nm (Spectra-Physics).
As shown in Figure 1A , immunosignals by anti-GFP antibody were detected only in animals injected with recombinant virus vectors carrying EGFP but not in control animals without virus injection, validating the specificity of the antibody. We tested the specificity of anti-KCNQ1 antibody in a heterologous expression system where KCNQ1-or mock-transfected HEK293T cells were immunostained with the antibody. Immunosignals were detected only in KCNQ1-expressing cells but not in control cells (data not shown). In Skn-1a knockout (KO) mice, PLCβ2-expressing type II cells are absent, but instead the population of AADC-expressing type III cells is increased (Matsumoto et al. 2011) . The specificity of anti-PLCβ2 and AADC antibodies used in this study was confirmed by immunostaining of circumvallate taste buds of Skn-1a KO mice and their wild-type littermates (data not shown).
Nine micrometer thick tongue slices taken along sagittal axis at 171 µm interval were mounted on a slide glass and, when multiple slides were analyzed in the same experiment, slides were carefully chosen so that the distance between 2 adjacent slices was more than 45 µm in order to avoid counting the same cell in a taste bud twice. KCNQ1-immunoreactive (ir) bud-like structures in the lingual epithelium were counted as taste buds irrespective of their size. DAPI signals surrounded by KCNQ1 signal were counted as individual taste cells.
Results
In vivo transduction by recombinant AAV and lentivirus vectors in the anterior tongue of mice
In this study, to achieve stable, long-term transgene expression, we chose recombinant AAV and lentivirus vectors instead of recombinant adenovirus and HSV-I vectors that were previously used (Kishi et al. 2001; Stone et al. 2002b) . As tissue/cell tropism of AAV vectors is largely dependent on the capsid serotype used, 6 different serotypes were tested in this study and the CAG promoter was incorporated in all the AAV vectors encoding enhanced green fluorescent protein (EGFP): AAV-1, 2, 5, 6, DJ, and DJ/8-CAGGS-EGFP. A heterologous envelope (VSV-G) and the murine stem cell virus (MSCV) promoter were used in the lentivirus vector encoding EGFP: VSV-G MSCV-EGFP. In total, we screened 6 different AAV serotype vectors and a lentivirus vector for their ability to induce EGFP expression in fungiform taste cells of live mice.
Submucosal injection of viral vectors into the anterior region of the tongue on 8 weeks old male mice was performed as described in Materials and Methods. The mice were sacrificed a week after virus administration for immunohistochemical analysis of virusdriven EGFP expression in the anterior portion of the tongue bearing fungiform taste buds. First of all, none of the viral vectors tested caused overt gross morphological changes in the region of the tongue near the injection site, suggesting their negligible pathogenicity and immunogenicity. In order to identify taste buds buried in the lingual epithelium, co-staining of KCNQ1 was used as the pan-taste cell marker (Ohmoto et al. 2006; Matsumoto et al. 2011) , although KCNQ1 staining was also observed in the muscle cells as well ( Figure 1A ). As shown in Figure 1A , various cell targeting specificities were observed for the viral vectors. Efficient (>90%) transduction of KCNQ1-ir muscle cells was achieved with AAV-1, 2, 5, 6, and DJ vectors but not with AAV-DJ/8 or lentivirus vectors. Only AAV-DJ was effective in nonsensory epithelial cells (arrowheads in Figure 1A ), whereas cells in the submucosal connective tissue, possibly including fibroblasts and blood vessels, were transduced by AAV-5, 6, DJ, and DJ/8 but not by the others. Notably, EGFP signals within KCNQ1-ir taste buds in fungiform papillae were observed only in animals injected with AAV-DJ-CAGGS-EGFP (arrow in Figure 1A ). Intragemmal EGFP-expressing (EGFP + ) KCNQ1-ir cells have the typical elongated, bipolar shape of taste cells ( Figure 1B) , suggesting that the AAV-DJ vector successfully mediated gene delivery into fungiform taste cells in vivo. Fungiform taste buds at the apex of the tongue more frequently contained intragemmal EGFP signals than those on the dorsal surface of the tongue. EGFP expression was never detected in the posterior region of the tongue containing circumvallate and foliate papillae, probably because the viral titer decreased as they diffused in the submucosal space toward the posterior tongue (data not shown). Further experiments were carried out by using AAV-DJ-CAGGS-EGFP.
Persistent transgene expression in fungiform taste cells
To examine whether the AAV-DJ vector can provide long-term transgene expression in taste cells, EGFP expression in fungiform taste buds were evaluated from 7 to 28 days postinjection. Submucosal injection of AAV-DJ-CAGGS-EGFP in the anterior tongue was carried out using the same procedure as described above, and mice were sacrificed at different times, 7, 14, and 28 days after virus administration for immunohistochemical analysis, in which EGFP and KCNQ1 were co-stained. At day 7 (i.e., 7 days after injection), many fungiform taste cells expressed EGFP. Although the location of EGFP + cells in the taste buds was judged only from a single section of a randomly encountered taste bud, the transduced cells were seemingly distributed from basal to apical regions of taste buds, whereas EGFP signals in the epithelium were sparsely seen in the apical surface (Figure 2A) . At day 14, EGFP + taste cells were still seen in fewer taste buds, and they were apparently located from central to apical regions of taste buds ( Figure 2B ). EGFP signals were no longer observed in the epithelial region. A few EGFP + taste cells were still encountered at day 28 and they mostly sit in the apparent apical region of taste buds ( Figure 2C ). In the meantime, EGFP expression in muscle cells and cells in the submucosa were maintained until day 28. We then counted the number of EGFP + taste buds and taste cells and the numbers were plotted against days after viral administration ( Figure 3 ; Table 1 ). EGFP + taste buds and cells decreased over the period from days 7 to 28, however, transduced cells did exist for over 4 weeks, suggesting that persistent transgene expression in taste cells is feasible with the AAV-DJ vector. The capability of the vector for long-term expression is also seen in muscle cells and cells in the submucosa. The time-dependent loss of extragemmal EGFP + epithelial cells and intragemmal EGFP + taste cells may reflect the turnover of those cells.
Time course of AAV-DJ-mediated transgene expression in fungiform taste buds
Taste buds are a dynamic system. Taste cells continuously regenerate and the average lifespan has been estimated to be approximately 10 days (Beidler and Smallman 1965; Conger and Wells 1969; Farbman 1980) . Therefore, even if persistent EGFP expression is established by the AAV-DJ vector, the population of EGFP + taste cells should decrease as time passes because they die, are sloughed away, and are replaced at a constant rate. Thus, it was speculated that more transduced taste cells could be found at times earlier than the lifespan of taste cells. Here, we evaluated the population of EGFP + taste cells at 2 and 4 days postinjection (Figures 3 and 4 ; Table 1 ). At day 2, very few EGFP + taste cells were found at the apparent basal region of taste buds (Figure 4Ad-g ). Notably, robust EGFP expression was observed at the basal layer of the surrounding epithelium (Figure 4Aa-c) . At day 4, more intragemmal EGFP signals per taste bud were detected and the EGFP + taste cells were seemingly located from basal to apical regions within taste buds (Figure 4Bd-g ). The epithelial EGFP signals moved from basal to apical layer (Figure 4Ba-c) . EGFP + taste buds and taste cells at days 2 and 4 were counted and pooled with the data from days 7, 14, and 28 to draw the time-dependent changes in the population of transduced taste buds and cells (Figure 3 ; Table 1 ). Contrary to our expectation, the percentage of EGFP + taste cells within a taste bud rapidly increased from days 2 to 7, peaked at day 7, and decreased thereafter and, similarly, the percentage of EGFP + taste buds dramatically increased from days 2 to 4, plateaued between days 4 and 7, and decreased thereafter. Thus, EGFP + taste cells appeared after a delay and the largest population (28.0% of taste cells in 55.8% of fungiform taste buds) was achieved around a week postinjection. Figures 1, 2 , and 4. Taste buds are composed of a heterogeneous population of taste cells which are classified into types I, II, and III, and each type of taste cells expresses a distinct set of genes for distinct function in taste transduction (Chaudhari and Roper 2010) . We investigated whether the AAV-DJ vector targets specific taste cell types. Mice were injected with AAV-DJ-CAGGS-EGFP into the submucosal space of the anterior tongue and, at day 7, subjected to immunohistochemical analysis by which the subset of taste cells susceptible to AAV-DJ transduction was characterized. Antibodies against PLCβ2 and AADC were used to identify type II and III taste cells, respectively (Clapp et al. 2004; Ohmoto et al. 2008) . PLCβ2 in type II cells is involved in the signal transduction of sweetness, bitterness, and umami (Zhang et al. 2003) , whereas AADC in type III cells regulates the production of serotonin, which is implicated in the neurotransmission of taste stimuli (Larson et al. 2015) . Finally, we carried out triple labeling of EGFP, PLCβ2, and AADC, where the taste cell marker proteins, PLCβ2 and AADC, were labeled with the same fluorescent probe, whereas EGFP with a different color ( Figure 5C ). The subset of EGFP + cells included cells immunonegative for the marker proteins of types II and III cells, which are mostly type I cells and also immature/undifferentiated taste cells. Taken altogether, these results demonstrate that the AAV-DJ vector can possibly transduce all functional classes of taste cells, although our current data do not discriminate type I cells and immature/undifferentiated taste cells.
Taste cell types susceptible to AAV-DJ transduction
AAV-DJ-CAGGS-EGFP induces EGFP expression in a subset of taste cells as displayed in
Discussion
This study was aimed at establishing an in vivo method for gene delivery into taste cells. Among 6 different recombinant AAV serotype vectors and a recombinant lentivirus vector tested, we found that only AAV-DJ could transduce taste cells in live mice (Figure 1 ). The presence of EGFP + taste cells at 28 days postinjection demonstrated that persistent transgene expression was achieved by the AAV-DJ vector. After submucosal injection of AAV-DJ-CAGGS-EGFP into the anterior tongue, EGFP + taste cells emerged within 2 days and their population rapidly increased over the next few days, peaked at day 7, and declined thenceforth (Figures 2-4) . Furthermore, immunohistochemical analysis revealed that type II, type III, and putative type I taste cells were transduced by the AAV-DJ vector.
Because AAV serotypes differ broadly in transduction efficacies and tissue tropisms, we tested 6 different serotypes. AAV-DJ is a synthetic serotype with a chimeric capsid of AAV-2, 8, and 9 (Grimm et al. 2008) . AAV-DJ is equipped with abilities to efficiently transduce a broad range of cell types and escape from immune neutralization. Because the first step of AAV infection is binding or attachment to cell surface receptors on target cells, taste cells may express receptor molecules specific for AAV-DJ but the identity of the receptors on taste cells are unknown. Of note, the viral titers that were injected were not equal between AAV serotypes, because prepared viral suspensions were injected without further dilution, in other words, at the highest possible concentrations, to attain the highest transduction efficiency for each serotype. Thus it is possible that the apparent Table 1 and depicted. An initial rapid increase in the population of EGFP + taste buds and cells was followed by a subsequent decrease after day 7. TB, taste bud. FuP, Fungiform papilla. Data in (B) are shown as mean ± SE.
differences in target cell specificities between serotypes were partly caused by the titer differences. However, because the largest possible volume per tongue (10 µL) was injected, the data in Figure 1 display the maximum infectivities of the vectors that could experimentally be achieved. Previous studies succeeded in inducing EGFP expression in rat taste cells using an adenoviral vector. More than 90% of isolated taste cells in culture (Kishi et al. 2001 ) and seemingly 20-30% of cells within intact taste buds in culture (Stone et al. 2002b ) expressed EGFP 24-36 h after infection. The difference in the transduction efficiency might be caused by the environments where taste cells resided. Intact taste buds are aggregates of approximately 100 polarized taste cells and thus cells in a taste bud are closely packed with limited extracellular space, which may make them less physically accessible for viral particles compared to isolated taste cells in a culture dish. In this study, even at 2 days postinjection of AAV-DJ-CAGGS-EGFP intragemmal EGFP + cells in fungiform taste buds were rarely encountered, whereas EGFP signals were robust in the basal layer of the surrounding epithelium at day 2 (Figures 3 and 4) , suggesting that fungiform taste cells were not readily directly transduced by the AAV-DJ vector. Unexpectedly, however, the population of EGFP + taste cells expanded after a delay until day 7 (28.0% of cells within a taste bud), followed by a gradual loss over the next few weeks. The delayed expansion and following slow decline of the population of EGFP + taste cells may be explained by the process of persistent renewal of taste buds. The basal epithelium outside taste buds contains stem/progenitor cells that generate both nongustatory epithelial cells and taste cells (Takeda et al. 2013; Yee et al. 2013) . As reviewed by Barlow (2015) , basal keratinocytes expressing cytokeratin 5 (Krt5) and Krt14 have been identified as the progenitor population. Depending on levels of β-catenin, Krt5 + /Krt14 + progenitor cells divide and give rise to taste cell precursors expressing sonic hedgehog (Shh + ) and Krt13 + keratinocytes. Shh + cells enter the taste buds from the basal side and differentiate into all 3 taste cell types, whereas Krt13 + keratinocytes make up the nontaste epithelium. Thus, taste cells are derived from the local epithelium and migrate into the buds to replenish them (Stone et al. 1995; Stone et al. 2002a ). The nonsensory epithelial cells turnover rapidly with a lifespan of 4-5 days, whereas taste cells have a longer lifespan of 8-12 days (Beidler and Smallman 1965) , although the longevity of taste cells are heterogeneous (Hamamichi et al. 2006; PereaMartinez et al. 2013) . When 3 H-thymidine or a thymidine analog, such as 5-ethynil-2′-deoxyuridine or 5-bromo-2′-deoxyuridine, was intraperitoneally injected to label proliferating cells and chase their descendants (Beidler and Smallman 1965; Hamamichi et al. 2006; Perea-Martinez et al. 2013) , the time courses of the migration of thymidine analog-labeled cells in the surrounding epithelium and taste buds were remarkably similar to those of EGFP + epithelial cells and taste cells observed in this study (Figures 2-4) . A possible interpretation of the resemblance is that AAV-DJ-CAGGS-EGFP initially infected K5 + /K14 + progenitor cells in the basal epithelium but not intragemmal mature taste cells and the infected cells underwent asymmetric mitosis, giving rise to both short-lived nonsensory Krt13 + epithelial cells which migrate rapidly toward the apical surface and long-lived Shh + taste cell precursors which migrate slowly into taste buds and differentiate into all 3 functional taste cell types. Nevertheless, further studies are required to address the possibility.
Taste buds are a heterogeneous population of functionally distinct classes of taste cells: types I, II, and III. Type II cells transduce sweetness, bitterness, or umami depending on the taste receptors (TAS1Rs or TAS2Rs) expressed. Upon tastant binding the G protein-coupled taste receptors induce serial activation of G proteins (e.g. gustducin), PLCβ2, ITPR3, TRPM5 channel, voltage-gated sodium channels, and CALHM1 channel (Liman et al. 2014) . CALHM1 is a voltage-gated ATP channel and mediates nonsynaptic release of ATP, the primary neurotransmitter conveying taste information from taste cells to the gustatory nerves (Finger et al. 2005; Taruno et al. 2013a Taruno et al. , 2013b . Type III cells mediate sourness. Although sour receptor molecules have not been identified, some genes including AADC have been demonstrated to be selectively expressed in this class of cells (Ohmoto et al. 2008) . The majority of remaining cells are type I cells, also known as "glial-like" cells. They wrap around other cell types with thin, sheet-like processes and scavenge extracellular neurotransmitters, ATP and glutamate, by NTPDase2 and GLAST, respectively (Lawton et al. 2000; Bartel et al. 2006; Vandenbeuch et al. 2013) . In addition, a subset of fungiform type I cells are thought to express ENaC and mediate amiloride-sensitive salty taste (Chandrashekar et al. 2010; Vandenbeuch et al. 2008 Of note, the lack of targeting specificity may limit the use of this technique for some purposes. One way to target specific cells is to use cell-type specific promoters. However, due to the limited cloning capacity of the AAV vectors (~4.4 kb for foreign DNA including a promoter and a transgene), a promoter element should be short enough to accommodate a transgene of interest in the vector genome. Discovery of such specific promoters for taste cells or taste progenitor cells, which are currently not available, will enable us to manipulate gene expression in specific taste cell types. Alternatively, the Cre-loxP based conditional transgene expression may be utilized by injecting a viral vector containing the loxP-Stop-loxP cassette upstream of a transgene into tissue specific Cre-driver mouse lines. Distinct taste cells play distinct sensory functions that are attributed to distinct sets of genes expressed. Over the past 2 decades, many genes involved in taste function have been identified (Liman et al. 2014 ). In the meantime, over 2000 taste bud-associated genes with no known function in gustation have also been identified Moyer et al. 2009 ). Overexpression or RNA interference via expression of shRNA in taste cells may define the roles of those genes in taste transduction or taste cell fate. Cell lineage tracing in the development of taste cells may also be possible by the AAV-DJ vector. The use of recently developed genetically encoded calcium indicators such as GCaMP variants and optogenetic tools including channelrhodopsin 2 may enable measurement and control of activities of taste cells in live animals. Thus, the AAV-DJ-mediated in vivo gene transfer into taste cells will facilitate application of an expanding repertoire of genetic technology and hold promise for the future research on the biology of taste.
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This work was supported by grants-in-aid from Japan Society of the Promotion of Science (26713008 and 16K15181 to A.T., 15K18974 Figure 5 . Immunohistochemical characterization of cell types of taste cells transduced by AAV-DJ. Seven days after fungiform taste buds were infected with AAV-DJ-CAGGS-EGFP, they were immunolabelled with antibodies against EGFP and taste cell type marker proteins, PLCβ2 and/or AADC. Type II cells were labeled with anti-PLCβ2 antibody (A), type III cells were labeled with anti-AADC antibody (B), and both type II and III cells were labeled with a mixture of anti-PLCβ2 and anti-AADC antibodies (C). Confocal images of EGFP labeling (green, left) and cell type marker labeling (red, middle), and merged images of double labeling (right) taken from 2 taste buds (upper and bottom) for each condition are shown. Scale bar, 10 µm.
